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Chapter 6 
 
Cation-Modulated Rotary Speed in a Light-Driven 
Crown Ether Molecular Motor 
 
The design and synthesis of an overcrowded-alkene based molecular motor 
featuring a crown ether integrated in its structure has been accomplished. The 
photostationary state ratios and rotational speed of this motor can be modulated by 
cation coordination to the crown ether moiety, which can be reverted upon the 
addition of a competing chelating agent thus achieving a dynamic control over the 
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The ability to control the dynamics of molecular and supramolecular systems at the 
nanoscale is ultimately central to the development of the future generation of smart 
materials, as well as to the control of complex systems mimicking biological 
functions.1-7 In the last decades, both macroscopic machines and biological 
machinery have inspired the design and synthesis of a number of artificial 
molecular machines,8-13 which are able to achieve the conversion of chemical,14-16 
photochemical,17, 18 or electrical stimuli19, 20 into mechanical motion. 
Overcrowded alkene-based molecular motors, developed in our group, have 
proven to efficiently undergo controlled unidirectional rotary motion upon 
irradiation at a certain wavelength and temperature, being the olefinic bond the 
axle of rotation.21, 22 This rotational behavior and the mechanism of operation of a 
second-generation molecular motor is illustrated in Scheme 6.1. The rotation 
process starts with the photochemical isomerization of the double bond in (P)-
stable 6.1, which gives rise to an unstable conformation (M)-unstable 6.1. 
Subsequent relaxation of this species through a thermal helix inversion (THI) leads 
to the energetically favored more stable form after sliding of the upper half over the 
lower half and concomitant reorientation of the methyl group at the stereogenic 
center from a pseudoequatorial to a more stable pseudoaxial position. The 
continuous repetition of this sequence of photochemical and thermal isomerizations 
translates into a 360º unidirectional rotary motion.  
 
 





Cation-Modulated Rotary Speed in a Light-Driven 
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The dynamic control of the rotational speed of molecular motors is one of the 
contemporary challenges faced in the emerging field of molecular machines. 
Therefore, the development of strategies for the regulation of the rotary speed of 
these systems is essential for their implementation as the key components in 
nanodevices. Since the development of the first unidirectional light-driven 
molecular motor in 1999, 21 much effort has been devoted to the regulation of the 
rotational frequency, which is typically achieved through structural modifications 
that often require tedious synthetic work.23-25 We have recently reported an 
alternative approach for the in situ regulation of the rotary speed of a molecular 
motor that contains a 4,5-diazafluorenyl motif relying on the reversible non-
covalent binding of different transition metals to the coordinating moiety in the 
motor.26, 27 Metal complexation induced the contraction of the diazafluorenyl lower 
half and concomitantly caused a reduction of the steric hindrance in the fjord 
region of the motor, which resulted in an enhancement of its rotational speed. 
Furthermore, we have also shown that a molecular motor functionalized with a 
biphenol moiety can be slowed down through reversible covalent and non-covalent 
bonds.28 
In our efforts towards multiresponsive molecular motors, we became intrigued 
by the possibility of regulating the rotational speed of an overcrowded alkene-
based motor by means of supramolecular host-guest interactions. Synthetic 
macrocyclic polyether hosts have played a key role in the development of 
supramolecular architectures assembled through noncovalent interactions.29, 30 
Furthermore, cation-macrocycle interactions have been applied for the regulation 
of stimuli-responsive systems such as gating membranes31 and fluorescent probes,32 
as well as to trigger cation-promoted transformations on metal complexes.33-35 
Herein, we report the synthesis, characterization, and isomerization behavior of a 
second-generation molecular motor 6.2 with a crown ether motif integrated in its 
lower half (Scheme 6.2). We also demonstrated that the speed of rotation of 6.2 can 
be dynamically modulated by reversible coordination of simple alkali and earth 








Scheme 6.2 Rotational speed regulation of 6.2 by cation coordination. 
 
6.2 Results and Discussion 
6.2.1 Synthesis 
The synthesis of 6.2 is outlined in Scheme 6.3. We envisioned that the key 
transformation in the synthesis of 6.2 would be the Barton-Kellogg diazo-
thioketone coupling of the two halves of the motor, which has been extensively 
used to construct the overcrowded alkene axis in structurally related second-
generation molecular motors taking advantage of the gradual increase of steric 
strain throughout the sequence. However, the direct coupling of previously 
reported hydrazone 6.4 36 and the thioketone derived from 6.537 proved to be 
challenging under various reaction conditions typically used in Barton-Kellogg 
couplings.22,38 Therefore, an alternative coupling partner 6.7 was prepared from 6.5 
by initial cleavage of the methyl ethers and acetylation of the resulting free 
hydroxyl groups in 6.6 (Scheme 6.3). Treatment of 6.7 with Lawesson s´ reagent 
afforded thioketone 6.8 in quantitative yield, which was directly coupled with the 
diazo compound 6.9 that results from the treatment of 6.4 with PhI(OTf)2. This 
transformation gave rise to episulfide 6.10 in 28% yield together with 70% of 
unreacted 6.8, which could be recycled for a subsequent coupling step. Treatment 
of 6.10 with HMPT led to the formation of the desired overcrowded alkene with 
concomitant partial cleavage of the acetate groups, which was completed by 
methanolysis of the resulting crude mixture to form 6.11 in 73% yield over the two 
steps. Final etherification of 6.11 allowed the assembly of the crown ether fragment 
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Scheme 6.3 Synthesis of motor 6.2. 
 
6.2.2 Rotary behavior  
The photochemical and thermal isomerizations of 6.2 were initially monitored by 
UV/Vis spectroscopy. Irradiation of a solution of 6.2 in CH3CN with 312 nm light 
at 20 °C resulted in a hypsochromic shift of the absorption spectrum with a clear 
isosbestic point at  = 306 nm indicative of a unimolecular isomerization process 








Figure 6.1 UV/Vis spectra of 6.2 before and after irradiation (λ=312 nm) at 20°C in degassed CH3CN 
(2·10-4 M). The inset shows the change in UV/Vis absorption at  = 330 nm during several 
irradiation/heating cycles. 
 
ambient temperature led to the reestablishment of the original spectrum thus 
indicating the completion of a 180° rotation cycle. The irradiation-thermal 
relaxation sequence could be repeated over several cycles on the same motor 
sample without any signs of fatigue (Figure 6.1, inset). 
The light-induced isomerization process was also analyzed by 1H NMR 
spectroscopy. After irradiation (λ = 312 nm) of a solution of 6.2 in CD3CN at 
−40°C a PSS312 ratio of stable: metastable = 65:35 was determined by relative 
integration of the peaks corresponding to the methyl groups at the stereogenic 
center in both the stable and metastable species. This signal is shifted downfield for 
the metastable isomer, which features the methyl group in a pseudoequatorial 
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Figure 6.2 Aliphatic region of the 1H NMR spectra of 6.2 before (top) and after (bottom) irradiation 
measured at −30 °C (CD3CN).  
 
Once the rotary cycle of 6.2 had been established, its cation complexation 
ability was examined by UV/Vis and 1H NMR spectroscopy. The cations of choice 
39 were ammonium, lithium, sodium, potassium, and calcium, and for this study we 
used the corresponding salts with non-coordinating anions hexafluorophosphate 
(NH4+, Li+, Na+, K+) and trifluoromethanesulfonate (Ca2+).39 Initial UV/Vis studies 
revealed that upon addition of an excess of these salts to a solution of 6.2 in 
CH3CN, the corresponding host-guest complexes were formed as evidenced by a 
change in the UV/Vis spectrum for all the cations examined except for Li+ (Figure 
6.3). These results are in line with those obtained for the parent monothia-18-
crown-6 ether, for which no significant interaction with lithium cation was 
observed.39 Therefore, cations NH4+, K+, Na+, and Ca2+, which showed a positive 
interaction with 6.2, were selected for further investigations. The formation of 
complexes 6.2-M upon addition of those cations to 6.2 was also clearly evidenced 
by 1H NMR. Thus, most of the resonances of 6.2 are downfield shifted in the 
presence of the cationic species, which becomes particularly evident for the signals 
corresponding to the crown ether moiety (3.5 to 4.5 ppm region) and the one 
corresponding to the methyl group at the stereogenic center (0.4 to 0.7 ppm region) 
(Figure 6.4). 1H NMR titration studies conducted by monitoring the shifts of the 
latter signal with increasing amounts of cationic species allowed the determination 






monothia-18-crown-6 ether 39 with the same cations. Furthermore, irradiation of a 
solution of complexes 6.2-M in CD3CN at 312 nm and analysis of the resulting 
mixture by 1H NMR allowed as in the case of 6.2 for the determination of the 
PSS312 ratios, which were significantly improved with respect to 6.2 upon binding 
of the cations to the crown ether moiety.   
 
 
Figure 6.3 Changes in the UV-Vis spectrum of a solution of motor 6.2 in CH3CN (c = 3 x 10-4 M, 




Table 6.1 Binding constants of 6.2 with different cations and PSS ratios after irradiation at 312 nm.  
MxXy (6.2-M) Ka [x103 M-1]a PSS312 
None (6.2) - 65:35 
NH4PF6 ([6.2NH4][PF6]) 0.92 ± 0.03 92:8 
NaPF6 ([6.2Na][PF6]) 1.53 ± 0.04 >95:5 
KPF6 ([6.2K][PF6]) 2.15 ± 0.09 >95:5 
Ca(OTf)2 ([6.2Ca][OTf]2) 4.03 ± 0.11 >95:5 
a Determined using BindFit software.40 
6.2 (+ LiPF6) 
6.2 + NH4PF6 
6.2 + KPF6 
6.2 + NaPF6 
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Figure 6.4 Titration curve for 6.2 with increasing amounts of (a) NH4PF6, (b) NaPF6, (c) KPF6, and 







The thermal isomerization of the photoisomerized metastable species generated 
after irradiation of 6.2 and 6.2-M was studied by UV/Vis spectroscopy monitoring 
the kinetics of the process at 5 different temperatures between 5 and 25 °C in the 
presence of an excess of cationic species in order to ensure full complexation. The 
kinetic profiles were obtained by following the increase in the absorption at 330 
nm, and thus the activation thermodynamic parameters were determined applying 
the Eyring equation (Table 6.2). Notably, the Gibbs free energy of activation for 
the thermal helix inversion is decreased for complexes 6.2-M with respect to 6.2. 
Thus, taking into account that the thermal helix inversion is known to be the rate-
limiting step in the rotational motion of molecular motors, the speed of rotation of 
6.2 could be modulated by cation coordination obtaining up to double speed of 
rotation in the presence of Ca(OTf)2 in an acetonitrile solution. 
 




t1/2 (20°C)  
[min] 
6.2 89.0 13.9 
[6.2NH4][PF6] 88.8 12.4 
[6.2K][PF6] 88.0 9.1 
[6.2Na][PF6] 87.6 7.6 
[6.2Ca][OTf]2 87.4 7.1 
 
We next examined if the metal coordination could be reversed in the presence 
of a stronger competing coordinating system in order to prove if we could achieve 
dynamic control on the rotary speed of 6.2. We selected to this aim as a model 
system the formation of [6.2Ca][OTf]2, for which the strongest effects on the 
rotational speed had been observed, and studied the complexation and 
decomplexation event by 1H NMR spectroscopy. Figure 6.5 shows the shifts 
observed in the aromatic region of the 1H NMR spectrum. The protons of the lower 
half of 6.2, which exhibit a downfield shift upon cation coordination, have been 
highlighted. To a solution of 6.2 in CD3CN 20 equivalents of Ca(OTf)2 were 
initially added in order to ensure complete formation of 6.2-Ca (Figure 6.5b). 
Subsequent addition of an excess of crypt-222 induced the decomplexation of the 
metal cation from the thiacrown ether moiety and therefore led to the restoration of 
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Figure 6.5 (a) 1H NMR spectrum of 6.2 (1.5·10-3 M solution in CD3CN); (b) 1H NMR spectrum after 
the addition of 20 equiv Ca(OTf)2 to the solution in (a); (c) 1H NMR spectrum after the addition of 50 
equiv crypt-222 to the solution in (b).  
 
thermal helix inversion of photoisomerized 6.2 in the presence of both Ca(OTf)2 
and crypt-222 after irradiation revealed a reestablishment of the rotational speed of 





In summary, we have developed a novel second-generation molecular motor that 
features a crown ether moiety integrated in its lower half. The rotational speed of 
this motor as well as the PSS ratios could be modulated by complexation with 
different alkaline and alkaline earth cations, which could be reverted by addition of 
a competing ligand. This work represents the first example of dynamic control over 
the rotational speed of a molecular motor by means of host-guest interactions, 
which constitutes a new approach towards the control of the rotational properties of 
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6.5 Experimental Section 
6.5.1 General remarks 
For general remarks on the synthesis and characterization of compounds, see 
Chapter 2.  
Acetronitrile used for spectroscopic studies was of spectroscopic grade (UVASOL 
Merck) and was degassed prior to the spectroscopic measurements. Irradiations 
were performed using a spectroline ENB-280C/FE lamp (λ max = 312 nm). 
Prior to UV/Vis and 1H-NMR studies, any possible traces of alkali ions were 
removed by washing with 2.2.2-cryptand. To do so, compound 6.2 was dissolved 
in toluene followed by the addition of distilled water and 2 equivalents of 2.2.2-
cryptand. After stirring for 15 min the organic phase was separated, washed with 
distilled water (x5), and the volatiles were subsequently removed under reduced 
pressure. Complete removal of the 2.2.2-cryptand was verified by 1H-NMR. 
 
6.5.2 Synthesis 
Compound 6.7  
 
AcCl (1.4 mL, 20.47 mmol) was slowly added to a mixture of diol 6.6 41 (1.00 g, 
4.09 mmol), DMAP (50 mg, 0.41 mmol), and Et3N (5.7 mL, 40.94 mmol) in 
anhydrous CH2Cl2 (50 mL) at 0 oC under N2 atmosphere. The reaction mixture was 
allowed to reach rt, stirred for 1 h, and then quenched by the addition of an aqueous 
solution of HCl (10% v/v, 40 mL). The aqueous phase was extracted with CH2Cl2 
(40 mL) and the combined organic layers were dried over MgSO4, filtered, and 
concentrated under reduced pressure. Purification by column chromatography 
(pentane: CH2Cl2 3:7) afforded the product as a white solid (1.22 g, 3.72 mmol, 
91%). 
M.p. = 248-250 oC. 1H NMR (400 MHz, CDCl3) δ 8.51 (dt, J = 7.7, 1.4 Hz, 2H), 
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144.0, 130.2, 129.5, 127.3, 126.3, 126.0, 20.8. HRMS (ESI+) m/z calc. for 
C17H13O5S [M+H]+: 329.0478. Found: 329.0482. 
 
Compound 6.8  
 
Lawesson’s reagent (2.29 g, 5.68 mmol) was added to a solution of ketone 6.7 (933 
mg, 2.84 mmol) in anhydrous toluene (120 mL) and the mixture was stirred at 90 
oC for 2 h, then cooled down to rt and the volatiles were removed under reduced 
pressure. Purification by column chromatography (pentane: CH2Cl2 1:1 to 2:8) 
afforded the product as a green solid, which was directly taken to the next step (966 
mg, 2.80 mmol, 99%). 
M.p. = 232-234 oC. 1H NMR (600 MHz, CDCl3) δ 8.82 (dd, J = 8.0, 1.7 Hz, 2H), 
7.49 – 7.44 (m, 4H), 2.47 (s, 6H). 13C NMR (151 MHz, CDCl3) δ 210.7, 168.2, 
146.0, 138.8, 130.5, 126.6, 125.1, 124.5, 20.8. HRMS could not be obtained due to 
the oxidation of 6.8 to the corresponding ketone under the measurement conditions. 
 
Compound 6.10  
 
A solution of PhI(OTf)2 (748.3 mg, 0.74 mmol) in anhydrous DMF (20 mL) 
precooled to -50 oC was added to a solution of hydrazone 6.4 42 (390 mg, 1.74 
mmol) in anhydrous DMF (100 mL) at -50 oC under N2 atmosphere and the 
resulting mixture was stirred at that temperature for 30 s. A solution of thioketone 
6.8 (600 mg, 1.74 mmol) in anhydrous DMF (100 mL) precooled to -50 oC was 
subsequently added and the reaction was stirred for 16 h while allowed to reach rt. 
After dilution with EtOAc (150 mL) the mixture was washed with water (2x100 
mL) and brine (100 mL) and then dried over MgSO4, filtered, and concentrated 
under reduced pressure. Purification by column chromatography (pentane:EtOAc 
9:1 to 85:15) afforded the product as a pale yellow solid (112 mg, 0.21 mmol, yield 
= 28%). Flushing of the column with CH2Cl2 allowed the recovery of unreacted 
starting thioketone 6.8 (419 mg, 1.22 mmol, 70%). 
M.p. = 203-205 oC. 1H NMR (600 MHz, CDCl3) δ 9.21 (d, J = 8.9 Hz, 1H), 7.89 
(dd, J = 8.0, 1.2 Hz, 1H), 7.56 (d, J = 8.3 Hz, 1H), 7.43 (ddd, J = 8.6, 6.7, 1.5 Hz, 
1H), 7.38 (d, J = 8.2 Hz, 1H), 7.35 (t, J = 7.9 Hz, 1H), 7.30 (ddd, J = 7.9, 6.7, 1.1 
Hz, 1H), 7.14 (dd, J = 8.0, 1.2 Hz, 1H), 7.10 (dd, J = 8.1, 1.2 Hz, 1H), 6.98 (d, J = 
8.2 Hz, 1H), 6.53 (dd, J = 8.0, 1.2 Hz, 1H), 6.34 (t, J = 8.0 Hz, 1H), 3.47 (ddd, J= 
16.4, 8.8, 7.4 Hz, 1H), 2.58 (ddd, J = 16.3, 6.6, 4.6 Hz, 1H), 2.40 (s, 3H), 2.29 (s, 






(d, J = 6.9 Hz, 3H), 1.06 (ddt, J = 9.2, 6.6, 3.4 Hz, 1H). 13C NMR (151 MHz, 
CDCl3) δ 168.5, 168.2, 146.6, 145.7, 141.2, 135.0, 134.2, 134.0, 132.4, 128.9, 
128.1, 128.0, 127.8, 127.4, 127.4, 126.3, 126.0, 125.4, 125.1, 124.5, 123.9, 123.7, 
121.2, 120.3, 66.7, 61.4, 37.4, 28.7, 28.6, 22.3, 20.7, 20.6. HRMS (ESI+) m/z calc. 
for C32H26O4S2Na [M+Na]+: 561.1165. Found: 561.1161. 
 
Compound 6.11  
 
A solution of episulfide 6.10 (180 mg, 0.34 mmol) and HMPT (0.18 mL, 1.01 
mmol) in anhydrous toluene (34 mL) was heated at 80 ºC for 16 h. After cooling to 
rt the mixture was diluted with EtOAc (25 mL), washed with an aqueous solution 
of HCl (10% v/v, 50 mL), dried over MgSO4, filtered and concentrated under 
reduced pressure. The resulting crude was directly dissolved in MeOH: CH2Cl2 2:1 
(30 mL) and treated with solid NaOH (40 mg, 1.01 mmol). After stirring at rt for 1 
h an aqueous solution of HCl (10% v/v, 40 mL) was added and the product was 
extracted with EtOAc (2x30 mL). The combined organic layers were dried over 
MgSO4, filtered and concentrated under reduced pressure. Purification by column 
chromatography (pentane:EtOAc 8:2 to 1:1) afforded the product as a white solid 
(105 mg, 0.25 mmol, 73% over 2 steps). 
M.p. = 237-239 oC. 1H NMR (400 MHz, CDCl3) δ 7.69 (d, J = 8.2 Hz, 1H), 7.63 
(d, J = 8.2 Hz, 1H), 7.57 (d, J = 8.5 Hz, 1H), 7.36 (d, J = 8.2 Hz, 1H), 7.29 (t, J = 
7.9 Hz, 1H), 7.24 (d, J = 7.7 Hz, 1H), 7.16 (t, J = 7.5 Hz, 1H), 7.05 (t, J = 7.6 Hz, 
1H), 6.90 (d, J = 7.8 Hz, 1H), 6.38 (t, J = 8.1 Hz, 1H), 6.32 (t, J = 7.7 Hz, 1H), 
5.88 (d, J = 7.4 Hz, 1H), 5.53 (s, 1H), 5.29 (s, 1H), 4.02 – 3.90 (m, 1H), 3.09 – 
2.91 (m, 2H), 2.63 – 2.52 (m, 1H), 1.54 – 1.43 (m, 1H), 0.69 (d, J = 6.9 Hz, 3H). 
13C NMR (151 MHz, CDCl3) δ 152.9, 151.9, 141.9, 139.9, 139.6, 138.6, 133.5, 
132.0, 131.8, 130.1, 128.0, 127.5, 127.4, 127.0, 125.5, 125.2, 125.0, 124.3, 121.3, 
121.2, 120.8, 119.4, 113.3, 112.4, 31.3, 30.6, 29.0, 21.8. HRMS (ESI+) m/z calc. 
for C28H23O2S [M+H]+: 423.1435. Found: 423.1413. 
 
Compound 6.2  
 
K2CO3 (355 mg, 1.09 mmol) and solution of ((oxybis(ethane-2,1-
diyl))bis(oxy))bis(ethane-2,1-diyl) bis(4-methylbenzenesulfonate)21 (122 mg, 0.24 
mmol) in MeCN (2 mL) were added to a solution of 6.11 (92 mg, 0.22 mmol) in 
MeCN (20 mL) at rt and the resulting mixture was stirred under reflux overnight. 
After cooling to rt the volatiles were removed under reduced pressure and the crude 
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30 mL). The organic layer was dried over MgSO4, filtered, and concentrated under 
reduced pressure. Purification by column chromatography (CH2Cl2: MeOH 1:0 to 
99:1) and trituration of the resulting foam with pentane gave a yellowish solid, 
which was washed with MeOH to afford the product as a white solid (64 mg, 0.11 
mmol, 50%). 
M.p. = 182-184 oC. 1H NMR (500 MHz, CDCl3) δ 7.69 (d, J = 8.2 Hz, 1H), 7.64 
(d, J = 8.1 Hz, 1H), 7.49 (d, J = 8.5 Hz, 1H), 7.37 (d, J = 8.2 Hz, 1H), 7.31 (t, J = 
7.9 Hz, 1H), 7.27 (d, J = 7.7 Hz, 1H), 7.16 (t, J = 7.4 Hz, 1H), 7.02 (t, J = 7.6 Hz, 
1H), 6.82 (dd, J = 7.9, 1.2 Hz, 1H), 6.36 – 6.29 (m, 2H), 5.93 (d, J = 7.1 Hz, 1H), 
4.32 – 4.25 (m, 2H), 4.15 – 3.87 (m, 15H), 3.11 – 3.01 (m, 1H), 3.00 – 2.93 (m, 
1H), 2.63 – 2.54 (m, 1H), 1.48 (td, J = 11.8, 11.4, 4.5 Hz, 1H), 0.62 (d, J = 6.8 Hz, 
3H). 13C NMR (151 MHz, CDCl3) δ 155.4, 154.7, 139.3, 138.6, 138.5, 137.1, 
134.2, 131.9, 131.3, 130.1, 127.3, 127.1, 126.1, 125.5, 125.4, 125.2, 125.1, 125.0, 
124.1, 123.9, 121.5, 121.0, 108.7, 108.6, 71.5, 71.3, 70.5, 70.3, 69.3, 69.2, 69.1, 
69.0, 30.9, 30.7, 29.1, 21.8. HRMS (ESI+) m/z calc. for C36H37O5S [M+H]+: 
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